1. Introduction {#sec1}
===============

The presence of harbors and their related activities are harmful to coastal ecosystems, from the installation of jetties to the operations of port terminals. Impacts on sediment transport, combined with the discharges of chemical substances from the point and diffuse sources produce a scenario of ecological risk due to dredging materials ([@bib61]; [@bib55]). Dredging activities consist of deepening of the seabed by removing sediment particles to change the bathymetry of navigation channels, necessary to the maneuvers of ships. Every year millions of tons of dredged sediments are dumped in the ocean worldwide ([@bib63]; [@bib74]).

The ecological risks of dredged materials have been performed by following tier-based frameworks including different lines of evidence (LOE) of sediment quality ([@bib82]). The most common approach is based on chemical criteria using sediment quality guidelines (SQGs) ([@bib13]), and as for the ecological effects, sediment toxicity bioassays have been employed using several model organisms from different taxa in laboratory exposures. In these methods, results from classical endpoints (e.g. mortality, development, growth, and reproduction) may be subject to confounding factors, such as ammonia or physical effects of grain size fractions ([@bib60]; [@bib74]). To deal with that, alternative methods have been recommended as complementary LOEs such as bioaccumulation and biomarkers ([@bib19]).

The concept of biomarkers consist of changes in status observed at the cellular, biochemical or physiological levels, indicating outcomes of exposure situation and response to contamination, representing thus health indicators of animals exposed for a short-to-medium-term or at environmentally relevant concentrations, which are lower than concentrations commonly used in conventional toxicity testing ([@bib31]; [@bib32]). [@bib48] recommend an integrated approach including analyses of phase I (biotransformation) and phase II (conjugation) enzymes, those from the antioxidant system, and also cellular damage such lipid peroxidation and molecular effects like strand breaks of DNA, as relevant endpoints to be included in a proper characterization of dredging materials, in order to avoid misinterpretations caused by confounding factors of laboratory exposures.

Bioaccumulation has also been pointed out as metric of exposure to contaminants either in situ or in laboratory ([@bib57]), necessary for a proper risk assessment ([@bib78]; [@bib83]). This process is marked by the incorporation and storage of chemical substances in organisms via exposure medium (water and sediments), or by the uptake of food containing contaminants at rates faster than detoxification and excretion ([@bib24]), providing evidence on the bioavailability of chemicals.

The coastal zone of Brazil presents distinct characteristics and the instruments to identify the effects of sediment dredging are regulated by the normative \#454 ([@bib12]). This resolution is focused on the characterization (particle size analyses and chemical properties) of sediments obtained in the particular area, followed by the comparison of the contamination levels with sediment quality guidelines (SQGs), and adverse effects are measured only in samples presenting contamination levels above threshold values using toxicity bioassays or another complementary ecotoxicological method as a LOE.

One issue is that there are few test organisms for sediment toxicity testing in tropical ecosystems. In Brazil they are included in protocols for acute toxicity in whole-sediment exposure of the amphipod *Tiburonella viscana*, while chronic toxicity of liquid phase is estimated using sea-urchins (*Lytechinus variegatus* and *Echinometra lucunter*) embryo larval development ([@bib1], [@bib2]). Other methods have been developed for the benthic copepods *Nitocra* sp ([@bib41]) and *Tisbe biminiensis* ([@bib8]), the tanaid *Monokalliapseudes schubarti* ([@bib59]), and the polychaete *Armandia agilis* ([@bib68]). Those methods are based on classical endpoints that are subject to confounding factors as mentioned before. Hereupon it is important to develop new protocols with different groups such as the mollusks, including other sensitive endpoints as bioaccumulation and biomarkers.

One suitable model is the infaunal clam *Anomalocardia flexuosa* that inhabits the top layers of banks of estuarine deltas, occurring in aggregates from the Caribbean to Brazil. The species is tolerant to hypoxia and salinities ranging from 17 to 38‰, and its optimum temperature range lies between 25 to 36 °C ([@bib76]). Recently the *A. flexuosa* was employed with success in whole-sediment bioassays for determination of acute toxicity of samples from Guanabara Bay (Rio de Janeiro state, SW Brazil) in response to point and diffuse sources of pollution ([@bib16]). Other investigations employed the clam to estimate the effects of diesel oil spills and changes in biochemical biomarkers related to water-soluble fraction of diesel oil ([@bib72]; [@bib11]).

Recent studies reported changes of biomarkers in bivalves as endpoints to track the biological effects of dredging in Tropical ecosystems including Brazil, but they are limited to in situ approaches. The oyster *Crassostrea rhizophorae* was transplanted to sites of navigation channel during dredging activities at the Port of Santos (SW, Brazil) and accumulated metals in their whole-body tissues with changes on biomarkers responses observed in their gills ([@bib46]; [@bib65]). Similarly, *A. flexuosa* transplanted to Mucuripe harbor (NE Brazil) during sediment dredging also exhibited these effects ([@bib57]), suggesting that the species is a potential candidate of test organism for studies on bioaccumulation and biomarkers not only in field exposures but also in toxicity bioassays.

In consideration of the need for alternative and new test organisms to be used in sediment quality and dredging materials assessments of tropical ecosystems, this study aimed to determine the ability of the clam *A. flexuosa t*o respond in laboratory bioassays using whole-sediment exposures. Two surveys of sediment sampling were carried out in Mucuripe Bay and clams exposed to samples in laboratory. Contents of contaminants (metals and hydrocarbons) were quantified in whole-body tissues, while biochemical and effects biomarkers measured as sublethal endpoints.

2. Material and methods {#sec2}
=======================

2.1. Study area {#sec2.1}
---------------

The climate of Ceará state is typically semi-arid, being influenced by latitudinal variation of the Intertropical Convergence Zone (ITCZ). The temperatures are elevated (24 °C--30 °C), and E-SE trade winds blow constantly in region (4 m/s average), regulating the transport of sediments along the coastal zone ([@bib36]; [@bib64]). The seabed of the region is characterized by sandy sediments rich in up to 95% biogenic carbonates originated from calcareous algae ([@bib47]), and terrigenous materials characterized by clays and siliciclastic particles, especially near the shore ([@bib37]).

The study was conducted in the Mucuripe harbor, in the bay area of Ceará State capital, the city of Fortaleza. Mucuripe is one of the main port facilities of the Brazilian NE region, characterized by its access channel, and a 1,900 m long jetty. The occurrence of the jetty combined with the intense transport of particles and other organic and/or inorganic materials by the coastal currents results in an intense deposition within the access channel, which is mitigated by deepening dredging ([@bib43]). Point and diffuse sources such as the urban runoff, harbor activities and the release of effluents from industrial (oil refinery) and domestic origin, have introduced different chemicals in the Bay. Previous studies reported sediment contamination (metals, PAHs and tributyltin), associated with toxicity, highlighting potential risks posed by dredging in the area ([@bib55]).

2.2. Sampling of organisms, sediments, and exposure design {#sec2.2}
----------------------------------------------------------

Clams were collected manually in muddy to sandbanks, in the city of Icapuí (Ceará state), at Requenguela beach during the low tide (4°40′54.7″S, 37°20′13.9″W). Organisms were kept in thermal boxes during the transfer to the laboratory facilities and acclimated for 10 days until the experiments (clean seawater, temperature of 25 °C and salinity of 35 ‰). In the laboratory, clams were fed on *Chlorella* sp daily (approximately 0.4--0.6 g L-1 of dry weight). Ethical issues regarding animal sampling, handling, and experiments have been approved by the Chico Mendes Institute for Biodiversity Conservation (ICMBio) of the Brazilian Ministry of the Environment (SISBio license \#21807-1).

The sampling surveys in Mucuripe harbor were set in two periods, at the intense dredging (survey 1: January 24, 2011), and at the end of it (survey 2: July 29, 2011). For sediment sampling, we selected three sites impacted directly by the sediment excavation of the Hopper Dredger: MD1, which is in front of the commercial docks, and MD2 by the oil terminal pier. The site MD3 is located outside the boundaries of harbor, by the signaling buoy of navigation channel ([Figure 1](#fig1){ref-type="fig"}). Sediments from Requenguela beach were also included as a reference sample for each survey set of exposure.Figure 1Location of sediment sampling sites in Mucuripe Bay, Fortaleza during the intense dredging (Survey 1) and after the end of activities (Survey 2). Mucuripe dredging sites 1 (MD1), 2 (MD2) and 3 (MD3). Reference site located at Icapuí.Figure 1

The sediment samples were obtained by using a *van Veen* grab sampler (0.026 m^2^). Aliquots for toxicity tests were placed in refrigerated coolers, transported, and stored in the laboratory at 4 °C. For the contaminant analyses of each sample, two subsamples were separated. One was dried at room temperature by using a desiccator cabinet and stored in plastic containers for subsequent analyses of inorganic chemicals and sediment grain size. The other one was wrapped into pre-cleaned aluminum foil and stored at -20 °C for the analysis of organic contaminants.

For the bioassays with *A. flexuosa*, each batch was assembled in triplicate per sample site, by using 5L glass bottles as exposure chambers containing 500 g of whole-sediment sample and 5L of clean and filtered seawater (45 μm, salinity 35‰). After the equilibration period (24h), 7 healthy organisms (juveniles, 15mm length) were introduced into each chamber and the system was kept under photoperiod (12h light: 12h dark), with constant aeration and temperature (25 ± 2 °C). The exposure time was set at 28 days, and four batches were prepared for different intervals of 7 days as a time factor (7, 14, 21, and 28). The other two groups from the acclimation conditions were sampled and designated as the control group for each survey. No mortality rates were observed and at each time of exposure, a batch was sampled, and the animals euthanized (ice-based method) for the dissection of whole-body soft tissues. Then, animals were sorted and tissues from 8 animals were pooled and freeze dried for the determinations of As and metals, and the other pool (n = 8) designated for hydrocarbons analysis. Tissues from the remaining organisms, assigned for biomarkers analysis (n = 5 for each biomarker), were frozen and kept at -70 °C until the analysis.

2.3. Analysis of sediments and bioaccumulation in whole-body tissues {#sec2.3}
--------------------------------------------------------------------

Particle size fractions of sediments were measured using the wet sieving method to separate fine sediments (silt + clay), followed by dry sieving to determine sand fractions ([@bib51]). Calcium carbonate contents (CaCO~3~) were removed with HCl and then, total organic carbon (TOC) levels were quantified in a TOC analyzer (model Shimadzu TOC-V, coupled with an SSM-5000A unit for solid sample combustion). For trace metals, samples were digested in HNO~3~, H~2~O~2~, and HCl (3:1:1) ([@bib84]). Then, extracts were analyzed in a Flame Atomic Absorption Spectrometry (FAAS) (Shimadzu AA 6200) for Cd, Cr, Cu, Ni, Pb, and Zn.

Also, the following hydrocarbons were analyzed on freeze-dried samples of sediments: aliphatic (AHs: 26 compounds), polycyclic aromatic hydrocarbons (PAHs; 39 substances), and linear alkylbenzenes (LABs; 26 compounds). Hydrocarbons were extracted using a Soxhlet apparatus (n-hexane/dichloromethane (1:1, v/v)) ([@bib81]), and the extracts fractionated into F1 (AHs and LABs) and F2 (PAHs) via silica gel-alumina column chromatography. After that, AHs were quantified on a gas chromatography (GC) model 6890 from Agilent Technologies with flame ionization detector (GC-FID), while PAHs and LABs were quantified on GC coupled to a 5973N mass spectrometer (GC-MS) in a selected ion mode (SIM). On the parameters, temperatures were set as 280 °C for injection port, 300 °C for interface and 230 °C for ion source. Gas flux was set at 1 mL^−1^ min, electron impact was at 70 eV, and the mass range ranged from 50 to 550 amu.

Whole-body soft tissues were digested and analyzed for As and trace metals, according to procedures described in detail by [@bib80]. Samples were extracted and elements quantified in an Inductively Coupled Plasma Optical Emission Spectrometry (ICPOES) Varian, 710-ES series. Similarly, procedures employed in the analysis of hydrocarbons are described in [@bib57]. Tissues were extracted in a soxhlet apparatus and submitted to GC/MS for total concentrations of AHs, PAHs, and GC/MS in a selected ion mode for LABs.

Chemical analyses results are expressed as average values of 2 pseudoreplicates, with coefficient of variation below 10%. The validation of analytical methods for sediments was supported by the analysis of surrogates, blank samples, and the Certified Reference Materials (CRM) for metals (BCR® 667) and hydrocarbons (NIST® SRM® 1944). As for the bioaccumulation, the validation of methods for metals was assured by the results of CRMs selected for oyster (NIST® SRM® 1566b) and mussel samples (NIST® SRM® 2976) The results of CRMs analysis for metals are in Supplementary Material. As for hydrocarbon analysis, the CRM NIST® SRM® 1945 was used and results for f individual substances are presented as data in brief.

2.4. Biomarker analysis {#sec2.4}
-----------------------

We conducted the analysis of biochemical biomarkers in whole-body soft tissues of *A. flexuosa* and the methods are detailed in [@bib57], except for acetylcholinesterase (AChE). Individually samples of (n = 5) were disrupted in a buffer solution (pH 7.6) of NaCl (100 mol L−1), EDTA (0.1 mmol L^−1^), dithiothreitol (0.1 mmol L^−1^) and 1 mM PMSF (*phenylmethylsulfonyl fluoride*, 1 mmol L^−1^). Tissues were centrifuged at 4 °C (15000 x g for 20 min), and the supernatant collected for the analysis of enzymatic activities, whereas the homogenates were collected for the quantification of lipid peroxidation (LPO) and DNA damage. Total concentrations of proteins in both fractions were estimated by the Bradford protein assay ([@bib10]), as means to normalize the data of each biomarker, which is necessary procedure for the statistical comparisons.

The enzymes Ethoxyresorufin O-deethylase (EROD) and Glutathione S-transferase (GST) were chosen as a proxy of Phase I (oxidation) and Phase II (conjugation) biotransformation reactions, respectively. EROD is a member of Cytochrome P450 monooxygenases (1A group), referred to CYP1A-like enzyme ([@bib75]), which was determined in samples following the method proposed by [@bib28]. The results are expressed in pmol min mg^−1^ of total protein. The glutathione enzyme GST participates in the conjugation of reduced glutathione (GSH) to different substances. The activity GST was determined according to the method described by [@bib52], and results were expressed as nmol min mg^−1^ of total protein.

The antioxidant enzymes glutathione peroxidase (GPx) and glutathione reductase (GR) were also measured to estimate oxidative stress. GPx plays a role in the catalysis of H~2~O~2~ to water by the oxidation of GSH to GSSG and GR was measured as the indicator of GSH regeneration ([@bib85]). Both activities of GPx and GR were determined in samples according to [@bib52] and results were expressed as nmol min mg^−1^of total protein for GPx, and as pmol min mg^−1^ of total protein for GR.

Levels of LPO and DNA damage were selected as metrics of injuries caused by contaminant exposure that can lead to cell death ([@bib67]). Lipid Peroxidation (LPO) was estimated in terms of thiobarbituric acid reactive substances (TBARS), which are generated from lipid oxidation by reactive oxygen species ([@bib30]; [@bib34]). LPO was measured in according to the TBARS method proposed by [@bib86], and results expressed as μmol L^−1^ mg^−1^ of total protein. DNA damage was analyzed by means of the strand breaks formation following the alkaline precipitation method of the genomic DNA linked to nucleoproteins ([@bib62]; [@bib49]). The results were expressed as μg^−1^ of DNA mg^−1^ of total protein.

The enzymatic activity of acetylcholinesterase (AChE) was evaluated as a neurotoxicity biomarker. The enzyme acetylcholinesterase (AChE) was assessed in the supernatants according to the method described in [@bib53]. Samples were incubated in a solution medium (potassium phosphate buffer 0.1 M, pH 7.6) containing acetylcholine iodide (0.075 mol L^−1^) and 5,5-dithio-bisnitrobenzene acid (DTNB, 10 mmol L^−1^). The enzymatic activity was monitored for 20 min (4 min intervals) at 412 nm and results are expressed in μmol mL^−1^ mg^−1^ of protein.

2.5. Data analysis {#sec2.5}
------------------

The results obtained to biochemical biomarkers were assessed using the non-parametric permutational multivariate analysis of variance (PERMANOVA). The method was developed as multivariate analysis but it can be used analogue to traditional ANOVA, once it calculates p-values from pseudo-F values and random permutations instead of ANOVA assumptions, which are generated from tabulated p-values ([@bib5]; [@bib6]). For both surveys, differences in the responses observed in clams from control conditions (day 0) were compared to responses observed in those exposed at different times within each treatment (sediment samples). Also, responses at each time were compared to their respective time of the reference sample (Icapuí).

Significant "site", "exposure time" and "survey", \"survey\" vs."site\", \"survey\" vs."exposure time", \"site\" vs. \"time\", and \"survey\" vs. \"site\" vs. \"time\" were tested through a three-way crossed PERMANOVA with \"survey (2 levels: 1 and 2), "site" (4 levels: Icapuí, MD1, MD2, and MD3) and "exposure time" (4 levels: 7, 14, 21 and 28 days) as fixed factors. PERMANOVA tests were performed on the Euclidean distance of data, and pairwise comparisons were determined when significant differences (p \< 0.05) were observed following 999 permutations (unrestricted permutation of raw data). Data were analyzed using the software PRIMER® (version 6) with the additional add-on package PERMANOVA ([@bib21]).

The Integrated biomarker response (IBR) was used as proposed by [@bib9], aiming to rank treatments according to the responses of all biomarkers for each exposure time in all samples, following the calculations described in [@bib25]. Based on the changes of biomarkers responses (increase or decrease), data were plotted in 7 axis radial charts for each time of exposure following the sequence AChE, EROD, GPx, GR, GST, LPO, and DNA damage, considering only the IBR generated by this combination, from 720 possibilities of arrangements ([@bib25]).

Associations between exposure (bioaccumulation) and effects (biochemical biomarkers expressed as IBR values) were observed through a Principal Components Analysis (PCA). A matrix was constructed containing data of IBR with total levels of metals (including As), and hydrocarbons. Data were submitted to a log (x+1) transformation to trim down the differences of variables scales. Then, the first three components were extracted based on 1000 bootstrap PCA and the cut-off for the component loading was set at \|0.50\| as a relevant correlation ([@bib22]).

3. Results and discussion {#sec3}
=========================

Data of the sediment analysis are exhibited in [Table 1](#tbl1){ref-type="table"}. Mucuripe Bay samples and reference were mostly sandy, with higher levels of fine sediments observed in MD1. The contents of TOC were low with increased values reported also in MD1. These characteristics of sediments within the bay are caused by the changes in the transport of materials along the coastal zone induced by the jetty at the harbor area, resulting thus in the high deposition of mud and organic matter ([@bib43]; [@bib64]). These findings corroborate the sedimentary facies described for the region with sandy sediments with mud deposition occurring at the coastal zone, as a result of harbor installations ([@bib43]; [@bib37]; [@bib47]).Table 1Profile of physical and chemical characteristics of sediments collected in Mucuripe Bay, Fortaleza during the intense dredging (Survey 1) and after the end of activities (Survey 2). Reference site located at Icapuí. Exceedances marked in bold.Table 1VariableReferenceSurvey 1Survey 2SGQsSQVsMD1MD2MD3MD1MD2MD3Level 1Level 2Level 1Level 2Bathymetry (m)011651368\-\-\--Sand (%)95.937.982.791.636.657.687.9\-\-\--Fine particles (%)4.662.219.110.063.544.413.4\-\-\--TOC (%)0.100.490.070.060.690.040.0610\-\--Al (%)0.090.960.240.250.960.060.08\-\-\--Fe (%)0.131.060.250.261.080.140.21\-\-\--Cd (μg g^−1^)0.190.160.160.150.150.140.141.27.2-0.75Cr (μg g^−1^)\<2.025.915.513.42.5\<2.0\<2.081370-65.8Cu (μg g^−1^)0.413.61.41.611.12.02.234270-69Ni (μg g^−1^)2.1**∗8.0**1.62.2**∗10.1**∗**4.2**3.520.951.63.8921.2Pb (μg g^−1^)9.8**∗22.0∗15.9∗19.4∗22.9∗13.9∗22.4**46.721810.322Zn (μg g^−1^)0.725.82.52.821.01.12.115041037.9110.4ΣAHs (μg g^−1^)0.66551.00.84080.50.5\-\-\--ΣPAHs (ng g^−1^)\<1.0**∗1160**3.0\<1.0**∗691**\<1.0\<1.04000-163950ΣLABs (ng g^−1^)\<0.8\<0.8\<0.8\<0.891.6\<0.8\<0.8\-\-\--[^1]

The contents of contaminants exhibited the same pattern of deposition in MD1. The reference sample was found to be sandy, with low content of TOC and exhibited lower contamination. Concentrations of Al, Cr, Zn, AHs, and PAHs were slightly higher in survey 1. Levels of LABs were detected only in MD1 during survey 2. Concentrations were compared to both threshold (Level 1) and probable effect (Level 2) benchmarks of the Federal normative \#454 ([@bib12]), which are derive from SQGs applied in North America and Europe ([@bib40]; [@bib27]; [@bib33]), and also with site-specific sediment quality values (SQV) calculated for the Estuarine System of Santos ([@bib20]). No SQGs exceedances were found, but concentrations of Pb in all samples (except reference) were above level 1 and 2 of SQVs, suggesting the potential risks of toxicity related to sediment contamination.

Prior to dredging activities, higher concentrations of Hg, Cd, Cu, Ni, Zn, and PAHs were observed in sediments of Mucuripe Bay ([@bib15], [@bib14]). Contamination levels were higher compared to those found in this study and they were also associated with acute toxic effects on *T. viscana*, and with chronic effects of liquid phases observed on the larval development of *L. variegatus* ([@bib55]). The potential effects of the sediment samples from MD1 analyzed in this study were also characterized and results revealed acute toxicity of whole-sediment exposures on *T. viscana*, and *A. agilis*, while chronic effects determined in *T. biminiensis* ([@bib58]). In the same investigation, liquid phases exhibited acute toxicity of sediment-water interface (SWI) on the mysid *Mysidopsis juniae*, and chronic effects of SWI and elutriates were observed on sea urchin larvae *L. variegatus*. Based on these results is possible to affirm that despite contamination levels have reduced as a result of dredging, the potential ecological risks of toxic effects at low levels still relevant.

Data of bioaccumulation measured in whole body soft tissues of *A. flexuosa* from sediment toxicity bioassay are given in [Table 2](#tbl2){ref-type="table"}. Clams exposed to the reference sample exhibited higher contents of chemicals (As, Zn, AHs, and PAHs) in relation to the control sample (animals from acclimation tank). Animals from MD1 and MD2 exhibited higher contents for most of the contaminants. Exposures to MD3 caused an uptake of As, Cd, Zn, and all hydrocarbons. For survey 2, clams from reference site exhibited elevated contents in relation to control only for LABs. Exposures to MD1 and MD2 resulted in high contents of As, and hydrocarbons. Animals from MD3 incorporated high amounts of As, Cd, Cu, Pb, AHs and LABs.Table 2Chemical profile based on concentrations of metals and hydrocarbons measured in whole-body tissues of *A. flexuosa* exposed to sediments from Mucuripe Bay. Values expressed in dry weight. Reference site located at Icapuí.Table 2SampleTimeAs (μg g^−1^)Cd (μg g^−1^)Cr (μg g^−1^)Cu (μg g^−1^)Ni (μg g^−1^)Pb (μg g^−1^)Zn (μg g^−1^)ΣAHs (μg g^−1^)ΣPAHs (ng g^−1^)ΣLABs (ng g^−1^)Survey 1ControlDay 04.10.50.710.11.2\<0.229.18.6195.0271.7ReferenceDay 76.70.70.49.30.6\<0.237.715.987.1290.9ReferenceDay 149.00.80.99.51.4\<0.257.513.984.7504.1ReferenceDay 216.10.50.616.40.9\<0.244.415.7135.0511.2ReferenceDay 285.20.71.38.10.7\<0.257.917.4198.6327.5MD1Day 75.40.60.522.50.6\<0.238.524.1271.1664.2MD1Day 145.60.70.523.90.6\<0.239.217.1389.3762.7MD1Day 216.10.60.711.01.1\<0.248.726.0446.0882.4MD1Day 286.10.61.212.21.50.550.728.9468.2801.8MD2Day 75.80.50.612.31.2\<0.240.915.9369.2518.1MD2Day 145.70.80.49.10.9\<0.240.115.3269.5751.2MD2Day 215.91.13.29.91.0\<0.244.717.5263.2424.5MD2Day 285.60.80.712.31.20.546.318.2376.6517.9MD3Day 74.80.60.713.20.9\<0.236.110.8241.0722.4MD3Day 145.60.80.510.20.8\<0.242.216.6252.4598.2MD3Day 217.30.91.010.40.7\<0.245.614.9246.2448.0MD3Day 286.32.60.513.11.2\<0.245.221.9221.9551.3Survey 2ControlDay 05.41.00.48.91.0\<0.239.49.4132.9267.7ReferenceDay 74.90.90.59.20.7\<0.242.614.6196.9553.6ReferenceDay 147.00.70.613.30.8\<0.243.110.4152.3415.6ReferenceDay 217.91.40.89.60.7\<0.242.415.4177.5470.2ReferenceDay 286.70.70.59.70.70.341.012.2154.1380.5MD1Day 75.20.80.48.60.70.335.615.4450.8668.3MD1Day 146.30.70.411.00.6\<0.242.817.3290.8767.2MD1Day 214.91.00.46.70.5\<0.235.710.1293.8855.4MD1Day 287.41.20.58.50.8\<0.241.922.3291.11204.9MD2Day 75.91.90.313.40.6\<0.239.514.3160.7496.6MD2Day 145.80.80.48.60.5\<0.242.524.4404.7679.6MD2Day 215.80.90.511.90.60.645.316.5329.4735.2MD2Day 285.60.90.69.20.8\<0.242.423.6401.31049.6MD3Day 76.91.00.58.20.6\<0.240.416.3208.7465.5MD3Day 145.70.60.530.20.9\<0.247.09.5308.6596.3MD3Day 214.60.90.510.9\<0.4\<0.239.511.6137.0769.6MD3Day 286.71.70.514.90.71.345.414.4144.5779.4

Most of treatments exhibited monotonic responses, especially for the hydrocarbons in MD1 (surveys 1 and 2) and MD3 (survey 2). Relevant sources of hydrocarbons including volatile compounds were related to harbors activities, effluent from an oil refinery and the inputs from the drainage system of urban runoff ([@bib17]; [@bib14]). Levels of inorganic chemicals found in this study were like those found in *A. flexusoa* sampled in the estuaries of Potengi and Curimataú rivers, both located in Rio Grande do Norte state (NE Brazil) and affected by urban activities ([@bib77]). Animals from the same species from impacted sites of Todos os Santos Bay (state of Bahia, NE Brazil) also exhibited similar concentrations of metals (Cd, Cu, Ni, and Zn) in their whole-body tissues ([@bib35]). Regarding the organic compounds, concentrations of PAHs are higher than those observed for the total of 16 EPA PAHs detected in tissues of calms (*A. flexuosa*) submitted to in situ experiments involving sediment banks spiked with marine diesel oil ([@bib72]).

As for the impacts of dredging activities, *A. flexuosa* was also used in a recent study as a model to observe the release of chemicals to water layer (metals and hydrocarbons) from sediment resuspension of Mucuripe Bay using in situ exposures ([@bib57]). Animals were transplanted to the same locations of MD1 and MD2 for 28 days and exhibited high levels of Cu, Zn, PAHs, and LABs, confirming the potential of species to incorporate and accumulate contaminants. Based on these results we consider the *A. flexuosa* a suitable organism for bioaccumulation studies in marine sediments from tropical regions.

PERMANOVA results based on biomarker responses are presented in Supplementary Material, and we focused on pointed out the results only for the factors time and site. Changes in enzymatic activities of phase I and II, antioxidant responses, AChE, LPO, and DNA strand breaks were monitored over time in individual clams as a complementary line of evidence of sediment quality in order to assess the potential effects of dredged materials from Mucuripe bay and establish cause-and-effects relationships ([@bib18]). We used whole-body soft tissue due to the reduced size of the organisms and the limited amount of tissue. Such an approach has been successfully applied to identify sublethal responses of other invertebrates such as gastropods ([@bib73]), mussels ([@bib29]), amphipods ([@bib45]; [@bib56]), and polychaete worms ([@bib44]; [@bib69]).

For phase I enzyme, clams exposed to samples collected in Survey 1 exhibited no significant change of EROD enzymatic activity compared to control conditions (day 0). A decreased activity was found for MD2 in the day 21 compared with the respective time of the reference sample. In the survey 2, samples exhibited no change in relation to control, but an increase of EROD occurred in MD2 (day 28) compared with the reference sample. The GST activity for survey 1 increased in all exposure times of MD1, and in day 7 of reference sample (Icapuí) and MD3, when compared with control. Comparison with the reference sample exhibited increased in GST only for MD1 (days 7 and 28). In the survey 2, all samples (on day 28) presented increased activity compared with control, while GST were high in MD1 and MD3 on day 28 compared to the reference. Decreased activities of GST were found on day 1 of MD2 and MD3 ([Figure 2](#fig2){ref-type="fig"}).Figure 2Biomarkers responses monitored in tissues of the clam *Anomalocardia flexuosa* exposed to sediments from Mucuripe Bay during dredging operations. Phase I and II enzymes measured by means of the activities of Ethoxyresorufin-O-deethylase (EROD) and Glutathione S-Transferase (GST). Bars represent the mean +SD (n = 5). ∗ = Pairwise comparisons of exposure times in each treatment with day 0; a = Pairwise comparisons of exposure times (except day 0) in each treatment with the respective time of reference site (PERMANOVA, p \< 0.05).Figure 2

The results observed for phase I and II enzymes suggest that biotransformation via CYP1A-like enzymes were not activated. These results are different to those reported by [@bib57] for *A. flexuosa* caged in the same location of MD1 and exhibited an increased activity of EROD in tissues of gills. At the same time, the results for GST activity in clams exposed to sediments in the laboratory were more consistent with GST responses determined in gills and digestive clams of animals from the study mentioned above. Such metabolism is likely activated as a detoxification response of metals, organic substances, and contaminants of emerging concern and protection from oxidative stress induced by phase I by-products ([@bib23]). Since animals presented elevated levels of hydrocarbons after 28 days, it is possible that other CYP enzymes may be participating in the biotransformation process of organic substances in clams during laboratory exposures.

Elevated activities of GPx were observed in *A. flexuosa* exposed to MD1 (days 14--28), MD2 (day 28) and MD3 (day 21) compared to control of survey 1, while only MD1 was significant in comparison to the reference. For survey 2 all samples presented increase of GPx at day 28, and both organisms from reference and MD2 presented higher values at day 7 in comparison to control, while samples MD1 to MD3 (day 28, and day 21 for MD1) exhibited higher activity of GPx in relation to reference. Regarding GR activities in survey 1, increases were detected in the animals from MD1 (days 21 and 28) and MD3 (day 28), while in those from MD2 the activity decreased (days 14 and 21). The GR activities reported in MD1 (days 21 and 28) and MD2 (day 21) were also significantly different from the reference. For survey 2 GR increased in clams from MD1 to MD3 (day 28) compared to both control and reference, while samples from MD3 (day 7) were also different from the reference ([Figure 3](#fig3){ref-type="fig"}).Figure 3Biomarkers responses monitored in tissues of the clam *Anomalocardia flexuosa* exposed to sediments from Mucuripe Bay during dredging operations. Activities of antioxidant enzymes measured by means of the Glutathione Peroxidase (GPx) and Glutathione Reductase (GR). Lipid Peroxidation (LPO) measured as thiobarbituric acid reactive substances (TBARs). Bars represent the mean +SD (n = 5). ∗ = Pairwise comparisons of exposure times in each treatment with day 0; a = Pairwise comparisons of exposure times (except day 0) in each treatment with the respective time of reference site (PERMANOVA, p \< 0.05).Figure 3

In the study mentioned earlier, *A. flexuosa* and the oysters *C. rhizophorae* exposed to resuspended sediments in Mucuripe Bay also exhibited high activities of GR and GPx in their gills and digestive glands tissues ([@bib57]). These results contrast with previous investigations that reported no changes in antioxidant responses (including GPx activity), in gills and digestive glands of *A. flexuosa* sampled in sites impacted by contamination sources in Paranaguá estuarine system (SW Brazil) ([@bib71]) and also in mudflats spiked with diesel oil in spills simulations ([@bib72]). Thus, we consider that clam responded to oxidative stress induced by dredged materials.

Increased levels of LPO in relation to control were detected in *A. flexuosa* exposed to sediments from MD1 (day 7), MD2 (day 7) and MD3 (day 28) collected in survey 1, and levels found in MD1 and MD3 were different to those measured in the reference organisms. A decrease of LPO was observed in MD3 (day 21) in comparison to reference. In calms exposed to samples from survey 2, LPO increased in reference (day 14), MD1 (days 7 and 14), MD2 (day 14), and MD3 (days 7 and 28) compared to control. LPO levels decreased in samples from reference (days 21 and 28). Such decreases resulted in differences in MD1 (day 21), MD2 (day 21 and 28), and MD3 (days 7, 21 and 28) ([Figure 3](#fig3){ref-type="fig"}).

In aquatic bivalves, LPO can be generated as a result of by oxidative stress and by chemicals present in the medium (water or sediments), posing risks to membrane lipids of the cells ([@bib4]). Since the levels of chemicals in sediment samples were minimal to moderate according to SQGs ([@bib12]), but metals and hydrocarbon were available and uptaken by clams, it is possible to relate these effects to a lower status of sediment contamination. However, the increase followed by the decrease of TBARs levels in the reference sample of survey 2 may also indicate a natural variation of biomarkers, as pointed out by other studies ([@bib85]; [@bib72]).

The activity of AChE in survey 1 was induced in clams from reference samples (days 14 and 21), MD1 (days 14 and 21), MD2 (days 7 and 14), and MD3 (days 7,14, and 28). The AChE results of MD1 (days 14 and 21), MD2 (day 7), and MD3 (days 7 and 28) were different from their respective exposure time of the reference sample. Significant decreases from reference were also found for MD2 and MD3 on day 21. In the survey 2, reference (days 7 and 28), MD1 (days 14--28), MD2 (days 7, 14 and 28), and MD3 (days 7--28) were increased compared to control, while only MD1 (day28) exhibited induced activity in relation to reference samples ([Figure 4](#fig4){ref-type="fig"}).Figure 4Biomarkers responses monitored in tissues of the clam *Anomalocardia flexuosa* exposed to sediments from Mucuripe Bay during dredging operations. Neurotoxicity effect by means of the acetylcholinesterase enzymatic activity (AChE). DNA damage measured as DNA strand breaks. Bars represent the mean +SD (n = 5). ∗ = Pairwise comparisons of exposure times in each treatment with day 0; a = Pairwise comparisons of exposure times (except day 0) in each treatment with the respective time of reference site (PERMANOVA, p \< 0.05).Figure 4

The enzyme AChE is responsible for the hydrolysis of the neurotransmitter acetylcholine forming thus acetate and thiocholine, causing the cholinergic receptor to return to an initial condition, playing an important role in many physiological functions ([@bib7]). Inhibition of AChE has been often associated with neurotoxic effects of organophosphate and carbamate pesticides, but other authors have also reported enhanced activity of AChE in brain tissues of the fishes *Anabas testudineus* and *Heteropneustes fossilis* treated with glyphosate ([@bib70]), and in muscle of *Leporinus obtusidens* exposed to clomazone, propanil and metsulfuron methyl ([@bib54]). It was hypothesized that AChE activation occurred as a response to the accumulation of acethylthiocholine caused by the contaminant, resulting in the overstimulation of the receptors and induction of LPO, which can also lead to injuries in the cell. Also, increased expression and activity of the AChE as a response to stress have been reported in apoptotic cells ([@bib50]; [@bib87]).

For DNA damage, samples from survey 1 exhibited elevated amounts of strands compared to control conditions in tissues from reference (day 14), MD1 (days 7--28), MD2 (days 14 and 28), and MD3 (day 28). Results of MD1 (days 21 and 28), MD2 (days 7, 21 and 28), and MD3 (day 28) were also different from the reference. In survey 2, the damage in DNA was high in clams from MD1 (days 14 and 28) and MD3 (days 21 and 28) compared to control, while results from MD1 (days 7, 14 and 28) and MD3 (day 28) were different to those found for the reference sample ([Figure 4](#fig4){ref-type="fig"}). Similar responses for DNA strand breaks were measured in tissues of *A. flexuosa* (gills and digestive glands) transplanted to MD1 and MD2 during dredging activities ([@bib57]). Induction of DNA strands was also reported in tissues samples (gills and digestive glands) of the clam *Ruditapes philippinarum* transplanted to contaminated areas of Santander Bay ([@bib66]), corroborating our results. Strand breaks of DNA are an effective parameter to be assessed in bivalves for indicating genotoxicants occurrence in the environment such as metals and hydrocarbons ([@bib38]), or as an outcome of oxidative stress as also reported in this study. The long-term outcomes of genotoxic effects include reproductive impairment, abnormal development, lethal mutations, and changes in the genetic variability ([@bib26]).

Results of the IBR index based on effects measured in *A. flexuosa* are presented in the Supplementary Material. For survey 1, the high IBR values ranked samples according to such distribution: MD1 (day 28), MD2 (day 21), MD3 (day 21), and Icapuí (day 21). For survey 2, the IBR exhibited a different pattern, due to the elevated values compared to survey 1, including control: Icapuí (day 21), MD2 (day 21), MD1 (day 28) and MD3 (day 28). IBR has been employed to ranking samples by integrating responses of the clams *R. philippinarum* treated with liquid extracts of sediments from Jiaozhou Bay (China) ([@bib39]), and *Chione elevata* collected in sediments from different sites along the coastal zone of Laguna Madre (Mexico) ([@bib3]). In this study, the IBR results revealed that after 28 days, clams treated with sediments from the sites MD1 and MD3 of survey 1 were more affected than animals from control, while clams exposed to samples from survey 2 exhibited a similar pattern, except for the effects observed also in the reference site. In the case, the result can be attributed to the arranging of the biomarkers in the radial plots, especially LPO followed by DNA damage, which also varied over time in such a sample, influencing thus in the area of the triangle ([@bib25]).

PCA results are shown in the Supplementary Material. The first three components accounted for 83.08% of total variance. Axis 1 (44.88% of variance) correlated concentrations of hydrocarbons (AHs, PAHs, and LABs) with biomarkers\' responses (IBR). Levels of metals were correlated negatively to axis 2 (20.68% of variance), while IBR values were correlated positively to axis 3 (17.51% of variance). The 2-D ordination of components 1 and 2 clustered samples from MD1 and MD2 (surveys 1 and 2), from control, reference sites and MD3 ([Figure 5](#fig5){ref-type="fig"}).Figure 52D ordination based on PCA results of Biomarkers responses and the concentrations of contaminants in whole-body tissues of *Anomalocardia flexuosa* exposed to sediment samples of Mucuripe bay for 7, 14, 21, and 28 days.Figure 5

PCA correlated changes in biomarkers with organic contaminants that accumulated by the clams, suggesting that the impaired health effects may be induced by the hydrocarbons presented in sediment samples. Correlations pattern between biomarkers and hydrocarbons were observed for *A. flexuosa* and the oyster *C. rhizophorae* caged during sediment resuspension in Mucuripe Bay ([@bib57]). In this study, responses included phase II and antioxidant enzymes which representing a defense mechanism to deal with contaminants ([@bib23]). Increased DNA damage and LPO also represent risks of both cytotoxicity and genotoxicity ([@bib4]; [@bib57]) induced by the contaminants associated to dredged materials.

4. Conclusions {#sec4}
==============

The clam *A. flexuosa* responded over time to laboratory exposures of sediments collected in Mucuripe Bay during the dredging activities, which qualify the organism as suitable organism to estimate the quality of sediments and dredged materials, by using bioaccumulation and biomarkers as complementary LOEs. Hydrocarbons were the chemicals of environmental concern and the main sources included harbor activities, industrial effluents, and inputs from urban runoff. The results also showed that SQGs are unable to predict bioaccumulation and subchronic effects (at biochemical level), suggesting that protective levels could be lower and that more studies are necessary to estimate new SQGs based on such LOEs. We also recommend that studies aimed to assess the risks of dredging and disposal of its materials should include responses of different tissues and parameters at organism and sub-organism levels (such as those studied here and others like the condition factor or neutral red retention time), which can be integrated into an approach regarding multilevel of biological organization.
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[^1]: Bathymetry (m): underwater depth; TOC: total organic carbon; AHs: aliphatic hydrocarbons, PAHs: polycyclic aromatic hydrocarbons; and LABs: linear alkylbenzenes. ∗ = SQVs exceedances.
